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Background Cetuximab, a monoclonal blocking antibody against the epidermal growth factor receptor EGFR, has been 
approved for the treatment of squamous cell carcinomas of the head and neck (HNSCC). However, only few 
patients display long-term responses, prompting the search for cetuximab resistance mechanisms and new ther- 
apeutic options enhancing cetuximab effectiveness. 

Methods Cetuximab-sensitive HNSCC cells were retro-engineered to express PIK3CA and RAS oncogenes. These cells and 
HNSCC cells harboring endogenous PIK3CA and RAS oncogenes were xenografted into mice (n = 10 per group) 
and studied for their biochemical, antitumor, antiangiogenic, and antilymphangiogenic responses to cetuximab 
and mTOR targeting agents. All P values are two-sided. 

Results Cetuximab treatment of PIK3CA- and /?>AS-ex pressing HNSCC xenografts promoted an initial antitumor response, but 
all tumors relapsed within few weeks. In these tumors, cetuximab did not decrease the activity of mTOR, a downstream 
signaling target of EGFR, PIK3CA, and RAS.The combined administration of cetuximab and mTOR inhibitors exerted a 
remarkably increased antitumor activity, particularly in HNSCC cells that are resistant to cetuximab as a single agent. 
Indeed, cotargeting mTOR together with cetuximab caused a rapid tumor collapse of both PIK3CA- and /?/AS-expressing 
HNSCC xenografts (P<.001), concomitant with reduced proliferation (P< .001) and lymphangiogenesis (P< .001). 

Conclusion The presence of PIK3CA and RAS mutations and other alterations affecting the mTOR pathway activity in HNSCC 
could be exploited to predict the potential resistance to cetuximab, and to select the patients that may benefit the 
most from the concomitant administration of cetuximab and P/5/Cand/or mTOR inhibitors as a precision molecu- 
lar therapeutic option for HNSCC patients. 
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Squamous cell carcinomas of head and neck (HNSCC), which arise 
in the oral cavity, oropharynx, larynx, and hypopharynx, are a major 
public health concern. New therapeutic strategies to prevent and 
treat HNSCC patients are urgently needed. The epidermal growth 
factor receptor (EGFR) is overexpressed in up to 90% of HNSCC 
lesions (1,2) and is associated with unfavorable clinical outcome 
(3,4). Anti-EGFR targeted therapies have been shown to be effec- 
tive in a variety of preclinical HNSCC models (5-8). Furthermore, 
in seminal clinical studies, cetuximab, a humanized IgGl monoclo- 
nal antibody against the EGFR extracellular domain, prolonged the 
median overall survival and reduced disease progression in advanced 
HNSCC patients as part of combination therapies with radia- 
tion and chemotherapy (9,10). Based on these findings, cetuximab 
gained approval from the US Food and Drug Administration for use 
together with radiation or as a single agent in patients that failed to 



respond to platinum-based therapy, and for recurrent or metastatic 
HNSCC in combination with standard chemotherapy (10). 

However, the overall increased response of adding cetuximab 
to radiation and/or chemotherapy is approximately 10% to 20% 
(9,10), much lower than initially expected considering the high 
level of EGFR expression in HNSCC. Recent studies have iden- 
tified multiple mechanisms of resistance to cetuximab, including 
EGFR mutations, over expression of EGFR ligands, amplification 
or transactivation of HER family members or the MET receptor, 
and deregulated EGFR recycling (1 1-17), all of which could explain 
the intrinsic or acquired resistance to cetuximab in the clinic. 

EGFR regulates multiple intracellular signaling circuits, 
including the JAK/STAT3 , RAS/MAPK, and PI3K/AKT/mTOR 
pathways (18-20). Among them, recent findings indicate that mul- 
tiple genetic and epigenetic alterations converge on the persistent 
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Figure 1. Combined activity of cetuximab and mTOR inhibitors in 
HNSCC tumor xenografts. A) Antitumor efficacy of cetuximab, rapa- 
mycin, RadOOl, and cetuximab combined with rapamycin or RadOOl. 
Athymic nude mice were transplanted with Cal27 cells. Treatment was 



initiated when the tumor volume reached approximately 200 mm^. The 
tumor growth curves were compared by the longitudinal data analysis 
method (two-sided). B)Tumor weights at the end of the single agent and 
combined treatments in panel A. C) Representative low magnification 
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activation of PI3K/AKT/mTOR signaling in most HNSCC lesions 
(21-24). Thus, we asked here whether genetic alterations causing 
PI3K/AKT/mTOR activation can promote cetuximab resistance 
in HNSCC, and if so whether pharmacological inhibition of this 
signaling pathway represents a suitable target to prevent or over- 
come cetuximab resistance in HNSCC. 

Methods 

Cell Lines, Tissue Culture, Lentivirus, Reagents, and 
Tissue and Immunoblot Analysis 

Cell lines, cell culture conditions, and procedures are described 
in detail in the supplementary Materials and Methods (avail- 
able online). Briefly, Cal27 cells stably expressing an activated 
allele of PIK3CA and RAS were generated by infection with 
pLESIP HA-PIK3CA H1047A or pLESIP GEP-KRAS G12V 
lentiviruses. Cetuximab solution was purchased from Imclone 
LLC (Bridgewater, NJ). Rapamcyin and RadOOl were from LC 
Laboratories (Woburn, MA). All other chemicals and reagents 
were from Sigma-Aldrich (St. Louis, MO) unless indicated. 

In Vivo Mouse Experiments and Analysis 

All the mice studies were carried out according to National 
Institutes of Health (NIH) approved protocols (ASP # 10-569 
and 13-695) in compliance with the NIH Guide for the Care and 
Use of Laboratory Mice. To establish tumor xenografts, cells were 
transplanted into the flanks of athymic nude mice (female, four 
to six weeks old, obtained from NCI/Erederick, MD), and when 
the tumor volume reached approximately 200mm^, the mice were 
randomized into groups and treated by intraperitoneal injection 
(ip) with cetuximab (40mg/kg, three times a week), rapamycin and 
RadOOl (5 mg/kg/day), or control diluent (10 mice per group). The 
mice were euthanized at the indicated time points and tumors iso- 
lated for histologic and immunohistochemical evaluation. 

Tumor bearing mice were randomized into groups and treated 
by intraperitoneal injection (ip) with cetuximab, rapamycin and 
RadOOl, or control diluent, killed at the indicated time points, and 
tumors isolated for histologic and immunohistochemical evaluation. 

Statistical Analysis 

Data analysis was performed with GraphPad Prism version 6 for 
Windows (GraphPad Software, San Diego, CA). The differences 
between experimental groups in tumor weight, proliferation, and 
microvessel density, as well as viability were analyzed using the 
nonparametric Kruskall-Wallis test, with multiple comparisons 
to the control group. The Dunn's correction was used to adjust 



histological sections form each treatment group in panel A. Scale bars 
represent 1 mm. D) Western blot analysis of unregulated signaling 
events in HNSCC cells. Mass cultures (MC) of wild-type Cal27 cells (wt), 
and Cal27 cells infected with empty lentiviral virus (vector), or express- 
ing PIK3CA H1047R (PIK3CA) or RAS G 12V (RAS), were serum-starved 
overnight, and lysates were analyzed for PI3K, pAKT, AKT, Ras, pERK, 
ERK, pS6, S6, and GAPDH, as indicated. Cetuximab-resistant PIK3CA 
and /?/\S cells isolated from control-treated tumors in panel E were pro- 
cessed in parallel Cal27 cells infected with lentiviruses encoding PIK3CA 
H1047R or RAS G72\/ mutations. Cells were transplanted into athymic 
nude mice, and, when they reached approximately 200 mm^ mice were 
treated with vehicle control or cetuximab for approximately 20 days until 



for multiple comparisons. P values were adjusted correspondingly. 
P values of less than .05 were considered statistically significant. 
The tumor growth curves were compared by the longitudinal data 
analysis method. All statistical tests were two-sided. 

Results 

Effect of mTOR Inhibitors on the Response to Cetuximab 
in HNSCCTumor Xenografts 

To begin exploring mechanisms involved in intrinsic cetuximab 
resistance in HNSCC, we initially screened multiple HNSCC- 
derived xenograft models for their cetuximab sensitivity. Among 
the most sensitive we chose Cal27 HNSCC cells, a representa- 
tive and frequently utilized HNSCC cell line that forms well- 
differentiated squamous carcinoma lesions in athymic nude mice 
(25,26). Cetuximab was very effective in preventing the growth and 
even causing the regression of established Cal27 HNSCC tumors 
(Figure 1, A-C). mTOR inhibitors such as rapamycin and RadOOl 
are widely used in the clinic for multiple diseases, and their efficacy 
and safety for the treatment of HNSCC patients is under current 
evaluation in multiple clinical trials (27-32). 

We initially compared the effectiveness of cetuximab and rapamy- 
cin or RadOOl in these experimental HNSCC lesions and explored 
whether mTOR inhibition could increase the efficacy or interfere with 
the response to cetuximab. Regarding the latter, there is an increased 
interest in the immune modulatory effects of cetuximab (3 3), and hence 
it is possible that the immune suppressive activity of rapamycin may 
compromise cetuximab action. As reported, mTOR inhibition was 
quite effective in halting tumor growth (P < .001) (23,34—36), albeit 
in these cells cetuximab also elicited a pronounced response (P < .001) 
(Figure 1, A and B). When analyzing the final tumor weight, RadOOl 
was slightly less effective than rapamycin (P < .003 and P < .001, 
respectively). Remarkably, the combination of cetuximab and mTOR 
inhibition was highly effective (P < .001), but it was not statistically sig- 
nificantly better than cetuximab because of the potent activity of cetuxi- 
mab alone in this model. Nonetheless, a potential increased response 
could be appreciated by the limited residual tumor size at the end of the 
combined treatment (Figure 1, A-C). Thus, combining mTOR inhibi- 
tion with cetuximab does not interfere with the response to cetuximab, 
and it may even increase the overall efficacy of the antitumor treatment. 

Effect of the Expression of PIK3CA and RAS Mutations 
in HNSCC on the Response to mTOR Inhibitors and 
Cetuximab 

HNSCC lesions harbor activating mutations in PIK3CA (8% 
to 13%) (24,37-41) encoding the catalytic PI3K-a subunit 



tumors relapsed approximately to their initial size (30 days). Cetuximab 
was then discontinued, as indicated, and mice were divided into two 
groups and subsequently treated with vehicle control or rapamycin. F) 
Tumor weights at the end of the single agent and combined treatments 
in panel E. G) Representative histological tissue sections from each treat- 
ment group in panel E. Scale bars represent 1 mm. H) Cal27 cell infected 
with control lentivirus (vector) and cetuximab-resistant PIK3CA and RAS 
were starved overnight, and treated with cetuximab (20 [jg/mL), rapamy- 
cin (100 nM), and RadOOl (100 nM), and lysates were analyzed for pAKT, 
AKT, pERK, ERK, pS6, S6, and GAPDH, as indicated. In each case, error 
bars represent standard deviation, and *P < .05, P< .01, P< .001 
when compared with the treatment control group; n = 10 per group. 



3 of 11 Article | JNCI 



Vol. 106, Issue 9 | dju215 | September 10, 2014 



and oncogenic mutants of the HRAS (4% to 9%) (24,41,42) 
or KRAS (3% to 7%) genes (41,43-45), collectively referred 
herein as RAS. As PIK3CA and RAS mutants stimulate mTOR 
downstream of EGFR, we asked whether their expression is 
sufficient to confer cetuximab resistance. For these studies, we 
genetically engineered Cal27 cells to express activating PIK3CA 
H1047R or KRAS GUV mutations, the latter as a GFP fusion 
protein to distinguish it from the endogenous gene product. 
Mass cultures of cells (MC) expressed increased levels of PI3K 
and RAS, respectively (Figure ID). As expected, both PIK3CA 
and RAS increased phospho-AKT (pAKT^^^^) and phospho-S6 
(pS6) levels, and RAS increased phospho-FRK (pFRK) with 
limited variations in the levels of S6, AKT, and FRK pro- 
teins. PIK3CA- and /MS"-expressing tumors grow statistically 
significantly faster than the wild-type HNSCC xenografts. 
Unexpectedly, Cal27 tumors expressing PIK3CA and RAS were 
initially sensitive to cetuximab (P < .002 and P < .001, respec- 
tively) (Figure IF); however they relapsed within one month to 
their pretreatment size. 

To explore whether targeting mTOR can be used in these 
cetuximab-resistant recurrent tumors, we halted cetuximab treat- 
ment and randomized the mice into control and rapamycin treated 
groups. Statistically significant differences in tumor volume were 
readily seen in just few days, with a dramatic tumor reduction in 
PIK3CA tumors and growth inhibition in RAS tumors (P < .001) 
(Figure 1, F and G). Cells were isolated from the initial cetuxi- 
mab-resistant Cal27 PIK3CA and RAS tumors, referred as "Res" in 
Figure ID. These cells did not express higher levels of PI3K and 
RAS oncoproteins or increased pAKT and pFRK with respect to 
the initial mass cultures, but exhibited elevated mTOR activity, as 
judged by pS6 expression (Figure ID), suggesting that cetuximab 
resistance may be associated with an increased ability of the cells 
to activate mTOR more efficiently, particularly the TORCl com- 
plex that phosphorylates S6 (46,47). The mechanism underlying 
this selective increase in mTOR activity is still unclear and under 
current investigation. In these cetuximab-resistant cells, cetuximab 
still decreased pFRK in PIK3CA, and to a much lesser extent in 
7^5'-expressing cells, but had limited effect diminishing mTOR 
activity, which remained highly sensitive to rapamycin and RadOOl 
(Figure IH). 

Impact of mTOR Inhibition in PIK3CA and /7>!\S-lnduced 
Cetuximab Resistant Tumors 

To challenge more directly whether mTOR inhibition could over- 
come cetuximab resistance, we used Cal27 PIK3CA- and RAS- 
resistant cultures (referred to as "Res" in Figure ID). Cetuximab 
still showed some effect in these tumors, particularly in PIK3CA- 
expressing xenografts, but both PIK3CA and RAS HNSCC lesions 
were much more sensitive to rapamycin or RadOOl as single agents 
(P < .001) (Figure 2, A and B). Cetuximab decreased FGFR levels, 
and consequently pFGFR, pFRK, pAKT, and pS6 in lysates of vec- 
tor tumor controls (Figure 2, C-F). Basal FGFR and pFGFR levels 
were increased in PIK3CA- and P/4S"-expressing tumors, but both 
were decreased by cetuximab in tissue lysates and by immunostain- 
ing for pFGFR in tissue biopsies. Cetuximab also decreased pFRK 
in PIK3CA cells, which may explain some of its residual antitumor 
activity, but failed to inhibit mTOR, while it did not inhibit FRK 



or mTOR in iMS"-expressing cells. Rapamcyin and RadOOl instead 
decreased mTOR activity in all tumors treated. 

Combined Treatment with Cetuximab and mTOR 
Inhibitors of HNSCC Cells Engineered to Express PIK3CA 
and RAS 

Given that mTOR inhibitors do not diminish the response of wild- 
type Cal27 HNSCC to cetuximab, we next investigated the conse- 
quences of combining cetuximab with rapamycin or RadOOl instead 
of using the mTOR inhibitors after the relapse of cetuximab- 
resistant cells. The impact of the drug combination was remark- 
able. mTOR inhibition together with cetuximab caused a rapid 
tumor collapse (P < .001), with nearly nonexistent residual tumor 
masses at the end of the treatment (Figure 3, A-F). This potentia- 
tion was also recapitulated in vitro using small molecule inhibitors. 
PI3K- and Pz4S"-expressing cells exhibited reduced sensitivity to 
the FGFR tyrosine kinase inhibitor (TKI) gefttinib, aligned with 
recent reports (Supplementary Figure 1, available online) (48). The 
concomitant blockade of mTOR restored the sensitivity to gefitinib 
in these HNSCC cells in vitro, thus independently of the tumor 
microenvironment and the potential immune response elicited by 
cetuximab (Supplementary Figure 1, available online). 

Impact of EGFR and mTOR Cotargeting on Tumor 
Relapse After Cetuximab Treatment in HNSCC Cells 
Harboring Endogenous PIK3CA and RAS Oncogenes 

We next investigated whether the combination of cetuximab and 
the mTOR inhibitor rapamycin was also effective in HNSCC 
tumors harboring activating mutations of endogenous PIK3CA 
and RAS. For these studies, we used Detroit 562 cells exhibiting 
a PIK3CA H1047R mutation (38) and UMSCC17B, which has 
a HRAS Q61L mutation (not shown). Both PIK3CA- and RAS- 
harboring tumors were initially sensitive to cetuximab when com- 
pared with the control-treated groups (P < .001), but both tumors 
relapsed after one month, and mice succumbed to disease in two 
months (Figure 4). These PI3KCA- and P/4S"-expressing tumors 
were sensitive to rapamycin as a single agent, but the drug combi- 
nation groups showed a remarkably statistically significant tumor 
volume decrease for both PIK3CA- (P < .03) and RAS -Qxprcssing 
(P < .001) tumors when compared with the cetuximab and rapa- 
mycin alone groups (Figure 4). Indeed, residual disease after the 
combined treatment was negligible. 

Effects of the Combination of Cetuximab and Rapamycin 
on PIK3CA- and /?>!\S-lnduced Cell Proliferation 

Cal27 cells engineered to express PIK3CA and RAS have distinct 
cell morphology, resembling tumors induced by HNSCC cells har- 
boring endogenous PIK3CA and RAS gene mutations (Figure 5 A). 
Immunohistochemistry (IHC) for Ki67 showed increased prolif- 
eration in tumor xenografts expressing PIK3CA and RAS genes 
endogenously or ectopically. To study the biological and biochemi- 
cal consequences of cetuximab treatment and mTOR inhibition 
and their combination, we focused on the RAS-driven UMSCC17B 
cells and PIK3CA-dnvQn Detroit 562 cells. Xenografts were treated 
with vehicle control, cetuximab, rapamycin, and cetuximab plus 
rapamycin. IHC for Ki67 showed decreased cell proliferation in 
the combination-treated group as compared with vehicle control 
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Figure 2. Effect of mTOR inhibition on PIK3CA- and R/AS-induced cetuxi- 
mab resistance. A and B)The cetuximab-resistant Cal27 cells expressing 
PIK3CA and RAS (from Figure 1 E) were transplanted into athymic mice. 
Mice were treated with cetuximab, rapamycin, or RadOOl as a single 
agent as indicated. P < .001 when comparing the rapamycin and 
RadOOl treated groups with cetuximab-treated mice (n = 10 per group). 
The tumor growth curves were compared by the longitudinal data anal- 
ysis method (two-sided). For all panels, error bars represent standard 



deviation. CjTumor-bearing mice were treated with cetuximab, rapamy- 
cin, or RadOOl for four days (short-term treatment) and tumor lysates 
were analyzed for pEGFR, EGFR, pAKT, AKT, pERK, ERK, pS6, S6, and 
GAPDH, as indicated. D and E) Representative immunohistochemical 
analysis of pEGFR and pS6 in the short-term treatment groups from 
panel C. Brown chromogen deposition reflects the immunoreactivity; 
hematoxylin was used as a nuclear counterstain (blue). Scale bars rep- 
resent 25 [jm. 
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Figure 3. Sensitivity of HNSCC cells engineered to express PIK3CA and 
RAS to combined treatment with cetuximab and mTOR inhibitors. A 
and D)The cetuximab-resistant PIK3CA and RAS Cal27 cells were trans- 
planted into athymic mice and mice were treated with cetuximab, rapa- 
mycin, RadOOl, and cetuximab combined with rapamycin or RadOOl 
as indicated. B and E) Tumor weights at the end of the single agent 
and combined treatments in panels A and D, respectively. B: Cet vs 
Rapa: P< .04; Cet vs RadOOl: P< .02; Cet vs Cet-^Rapa: P< .004; Cet 



vs Cet-^RadOOl: P < .006; E: Cet vs Rapa P < .03; Cet vs RadOOl P < 
.03; Cet vs Cet-^Rapa: P < .02; Cet vs Cet-^RadOOl P < .03). C and F) 
Representative histological sections from each treatment group in pan- 
els A and D. Scale bars represent 1 mm. (^^^p< .001 when compared 
with the control-treated group [black stars], or when comparing with 
the mice treated with cetuximab as a single agent [red stars]; n = 10 per 
group. The tumor growth curves were compared by the longitudinal 
data analysis method (two-sided). 
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Figure 4. Effect of EGFR and mTOR cotargeting on tumor relapse after 
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treatments in panels A and D, respectively. C and F) Representative 
histological sections for each treatment group in figures A and D, 
respectively. Scale bars represent 1mm. (^^^p < .001 comparing the 
treatment groups with the control [black stars], or comparing with the 
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Figure 5. Effects of the combination of cetuximab and rapamycin on 
tumor growth driven by PIK3CA and RAS mutations. A) Representative 
histological sections of tumor xenografts stained by H&E and Ki67 
immunohistochemistry as a proliferative marker after transplantation of 
Cal27 cells, Cal27 cells expressing PIK3CA and /?/AS oncogenes, as well 



as Detroit 562 and UMSCC17B HNSCC cells into nude mice. Scale bars 
represent 200 [jm (low magnification) or 50 [jm (inset). B) Quantification 
(left) and representative tumor tissue sections (right) stained for Ki67, 
CD31, and LYVE1 by immunohistochemistry after a long-term treat- 
ment for the indicated days of UMSCC17B xenograft with control. 
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and the cetuximab or rapamycin alone groups (P < .001). IHC for 
CD 31 and LYVEl showed limited changes in overall angiogen- 
esis, but mTOR inhibitors alone or in combination with cetuxi- 
mab provoked a remarkable reduction in lymphangiogenesis 
(P < .001), aligned with prior studies from our laboratory and oth- 
ers (Figure 5B) (32,36). Rapamycin or cetuximab and rapamycin 
inhibited the mTOR pathway, while cetuximab alone was less 
effective. Cetuximab reduced ERK activity in HNSCC expressing 
active PIK3CA. Importantly, in HNSCC cells expressing mutant 
PIK3CA and RAS cetuximab prevented the upregulation of AKT 
activity caused by mTOR inhibition (Figure 5C; Supplementary 
Figure 2, B and D, available online). Paralleling the impact on cell 
proliferation, cyclin D levels were clearly decreased (Figure 5C; 
Supplementary Figure 2D, available online). We also investigated 
the proliferative potential of residual HNSCC cells after prolonged 
tumor treatment. Whereas many Ki67+-proliferating cells are still 
visible in cetuximab- and rapamycin-treated mice, very few pro- 
liferating cells are found in the residual lesion after two month of 
the combined treatment. Most of the histological sections revealed 
dense fibrous tissue infiltrated by chronic inflammatory reaction, 
with few or no remaining neoplastic cells and intratumor lymphatic 
vessels (Figure 5D; Supplementary Figure 2C, available online). 

Discussion 

While cetuximab offers clinical benefits in HNSCC, its impact 
in advanced HNSCC patients is still quite limited, likely due to 
intrinsic mechanisms preventing a fall beneficial response to cetuxi- 
mab, or to the development of acquired resistance (9,10,17,49,50). 
Clearly, new strategies are needed to treat and aid in the manage- 
ment of HNSCC. Here, we show that genetic alterations causing 
PI3K/AKT/mTOR activation, such as by expression of activated 
PIK3CA and RAS alleles, are sufficient to prevent a sustained 
response to cetuximab after an initial short-lasting beneficial effect. 
We also show that clinically relevant mTOR targeting agents, such 
as rapamycin and RadOOl, are effective in HNSCC lesions refrac- 
tory to cetuximab. Surprisingly, the concomitant administration of 
cetuximab- and mTOR-targeting agents caused the rapid and com- 
plete regression of both genetically engineered and naturally occur- 
ring PIK3CA- and RAS-driven HNSCC lesions. These findings 
provide support to the early evaluation of the rationale combination 
of cetuximab and/or other FGFR- targeting agents with mTOR 
inhibitors for the treatment of HNSCC lesions harboring genetic 
alterations resulting in mTOR activation downstream from FGFR. 

RAS mutations are predictive of cetuximab resistance in colon 
cancer, with some PIK3CA mutations diminishing its response 
(51,52). Instead, HNSCC cells expressing RAS and PIK3CA 
endogenously or after gene transfer still exhibited an initial, albeit 
limited tumor response. Thus, FGFR may promote HNSCC 



growth by stimulating signaling pathways in addition to PI3K and 
RAS, making them initially sensitive to cetuximab. This sensitivity 
might then be overcome by the emergence of compensatory mech- 
anisms leading to tumor relapse. Ultimately, the presence of RAS 
and PIK3CA mutations or other genetic and epigenetic alterations 
leading to PI3K/AKT/mTOR activation, such as reduced PTEN 
expression, may provide an intrinsic resistance mechanism contrib- 
uting to tumor recurrence after an initial short-lasting favorable 
response to cetuximab. We can postulate that epigenetic events or 
de novo mutations resulting in the activation of the PI3K/AKT/ 
mTOR signaling circuitry might also contribute to acquired cetux- 
imab resistance. 

The frequent overreliance on the PI3K/AKT/mTOR pathway 
for HNSCC growth (22) may in turn represent a cancer vulner- 
ability that can be exploited therapeutically. This includes the 
use of inhibitors targeting PI3K-a, AKT, and mTOR, the latter 
as part of its complex TORCl, using rapalogs, or TORCl and 
TORC2 using novel mTOR kinase inhibitors and PI3K/TORC1/ 
TORC2 blocking agents. Based on this widespread activation 
of PI3K/AKT/mTOR in HNSCC and preclinical information 
(21-23,25,36,53,54), multiple clinical trials targeting this pathway 
are now under evaluation (27-31). Specifically, our observations 
suggest that mTOR inhibitors will exert a beneficial response in 
P/57^G4 -expressing tumors, particularly when combined with 
cetuximab up front to increase the therapeutic response and limit 
the risk of tumor relapse. 

Interestingly, HNSCC-expressing RAS mutants ectopically were 
sensitive to mTOR inhibition, while those expressing endogenous 
RAS oncogenes where refractory. This can be explained by the fact 
that we expressed KRAS mutations previously reported to confer 
cetuximab resistance in colon cancer (52), while HNSCC lesions 
and derived cells most often express HRAS mutants. Different RAS 
protein isoforms may initiate distinct signaling events in HNSCC, 
being KRAS sensitive to mTOR inhibitors, whereas HRAS may 
not. Alternatively, HNSCC cells with endogenous HRAS mutations 
may exhibit other alterations resulting in insensitivity to mTOR 
inhibitors, a possibility that warrants further investigation. In every 
case, cetuximab combined with mTOR inhibitors was quite effec- 
tive in HNSCC cells harboring HRAS mutations in their endog- 
enous allele, representing the most biologically relevant situation. 

The finding that we observed a complete response when com- 
bining cetuximab with mTOR inhibitors in every genetic back- 
ground tested is quite remarkable. This included tumors expressing 
endogenous RAS and PI3KCA oncogenes, which collapsed rapidly 
and did not relapse even after prolonged observation. The biologi- 
cal and molecular bases of this increased activity are still unclear 
and under current investigation. At the biochemical level, cetuxi- 
mab prevented the compensatory increase in AKT activity often 
seen after treatment with rapamycin alone, which may limit the 



cetuximab, rapamycin, and cetuximab combined witii rapamycin, as 
indicated. (^^^p< .001 comparing the treatment groups with the con- 
trol [black stars], or comparing with the indicated treated groups [green 
stars]; n = 4 per group). The tumor growth curves were compared by 
the longitudinal data analysis method (two-sided). C) As an example 
of naturally cetuximab-resistant HNSCC cells, UMSCC17B were trans- 
planted into athymic mice and treated with cetuximab, rapamycin, and 



with cetuximab combined with rapamycin for four days (short-term 
treatment). Tumor lysates were analyzed for pEGFR, EGFR, pAKT™^ 
pAKTS473, AKT pERK, ERK, pS6, S6, Cylin D1, Cyclin E, and GAPDH. D) 
Representative tumor tissue sections stained for Ki67 and LYVEl by 
immunohistochemistry after a long-term treatment of UMSCC17B xen- 
ograft with control, cetuximab, rapamycin, and cetuximab combined 
with rapamycin, as indicated. Brown color for Ki67, red color for LYVEl. 
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clinical benefit of mTOR inhibitors as single agents (55,56). This 
may help explain the increased response to the combined treat- 
ment. At the biological level, we did not observe an overt increase in 
apoptosis after cetuximab treatment and/or mTOR inhibition (not 
shown). Preliminary results suggest that HNSCC cells exposed to 
the combination of cetuximab and mTOR inhibitors stop prolif- 
erating, exit the self-renewal cancer pool, and undergo rapid mor- 
phological changes consistent with an increased autophagy (57,58) 
and differentiation, and exhibit a remarkably reduced lymphangi- 
ogenesis. A possibility also exists that cetuximab may promote a 
cytotoxic immune response against EGFR-overexpressing cells, 
which would synergize with mTOR growth-signaling inhibition 
(33). Of interest, the analysis of the very limited residual lesions 
after the combined treatment indicates that most remaining cancer 
cells were no longer proliferating and that they were embedded in 
a highly fibrotic scaring tissue that may fail to support the potential 
cancer cell regrowth at the end of the treatment. 

While our experimental models address PIK3CA- and RAS- 
induced resistance to cetuximab, multiple additional mechanisms 
may exist in HNSCC patients, which may need to be evaluated 
experimentally and in the clinical setting. Similarly, our experimen- 
tal models in immunocompromised mice may not reflect fully the 
immune modulatory effects of cetuximab (33). On the other hand, 
the antilymphangiogenic activity or mTOR inhibitors combined 
with cetuximab in mice was remarkable. However, this activity and 
its potential benefits may require further evaluation in the clinic. 

This raises the issue as to whether mTOR inhibitors would be 
best utilized as single agents after the development of cetuximab 
resistance or instead to explore cotargeting EGFR and mTOR as 
a first line of treatment. Cetuximab is frequently used in HNSCC 
patients concomitant with radiation and chemotherapy (9,10), 
which can cause DNA alterations and the emergence of cetuxi- 
mab-resistant cancer cells. In this scenario, the use of a cotarget- 
ing therapeutic strategy using cetuximab and PI3K or mTOR 
inhibitors as a first line of treatment may instead be ideal. In addi- 
tion, human papillomavirus (HPV)-positive HNSCCs frequently 
harbor activating PIK3CA mutations (39,59,60) and exhibit aber- 
rant mTOR activity (23), suggesting that this combined targeted 
therapy might be also useful in at least a subset of HPV-associated 
HNSCCs. Overall, we can conclude that the evaluation of muta- 
tions in genes encoding RAS and PIK3CA and/or other genetic 
and epigenetic alterations affecting the activity of the PI3K/AKT/ 
mTOR pathway may predict the potential intrinsic resistance to 
cetuximab. In turn, this information can help select a patient pop- 
ulation that may benefit the most from the concomitant admin- 
istration of cetuximab and PI3K and/or mTOR inhibitors as a 
precision molecular therapeutic option for HNSCC patients. 
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